Abstract
Introduction
Hodgkin and Huxley [1] proposed a mathematical model that is composed of a system of four-coupled nonlinear ordinary differential equations (page 518 in [1] ) and that describes the action potential regeneration of the squid giant axon and the biophysical mechanisms underlying the action potential generation. Various types of mathematical models describing the electrical excitability of neurons and endocrine cells have been developed on the basis of the concepts proposed by Hodgkin and Huxley [1] , and analyses of these models, including the RPeD1 neuron model in [2] , various bursting models in Chapter 5 of [3] , and pituitary lactotroph bursting model in [4] , are important research areas in the field of applied mathematics. The concepts proposed by Hodgkin and Huxley [1] are also important in the fields of theoretical physics [5] and mathematical physics [6] . The Hodgkin-Huxley model is also used in drug-disease modeling (see Chapter 5.2.2 in [7] ). A ghostbursting model [8] , which is a mathematical model based on the concepts proposed by Hodgkin and Huxley [1] , describes a system of six-coupled nonlinear ordinary differential equations [see Equations (1) to (6) in Section 2] . This model exhibits bursting similar to that observed in in vitro recordings of pyramidal cells in the electrosensory lateral line lobe (ELL) of the weakly electric fish Apteronotus leptorhynchus. This model consists of two compartments: the somatic compartment [see Equations (1) and (2) Figure 6 in [8] ). This figure indicates that the organizing center of the ( )
, ,
Dr d s g I -parameter bifurcation diagram is a codimension-two bifurcation point and that unfolding the codimension-two bifurcation point yields two types of bifurcation manifolds: a curve for a saddle-node bifurcation of fixed points (SNFP curve) and a curve for a saddle-node bifurcation of limit cycles (SNLC curve). The SNFP and SNLC curves divide the ( ) value at the codimension-two bifurcation point, the dynamical state changes from quiescence to periodic tonic spiking. The periodic tonic spiking further changes into bursting when the SNLC curve is crossed with an increase in s I . In addition, various bursting patterns are shown in Figure 13 in [8] and 
Materials and Methods
The ghostbursting model [Equations (1)- (6) 
where the definitions and values of the above-mentioned parameters are listed in Table 1 . Equation (1) indicates that the time evolution of the somatic membrane potential ( ) s V is regulated by the fast inward sodium current Table 1 . Values of the parameters in Equations (1)- (6) For detailed explanations of the model, see [8] .
The free and open source software Scilab (http://www.scilab.org/) was used to numerically solve equations (1)- (6) 
Results

Reproduction of Previous Results
The ghostbursting model can show the three dynamical states: quiescence (Figure 1(a) ), periodic tonic spiking (Figure 1(b) ), and bursting (Figure 1(c) ). The present study shows that the regions of these dynamical states Figure 2(b) ). An example of the time course of the somatic membrane potential during the quiescent state is shown in Figure 1(a) . At high s I values (≥5.8 μA/cm 2 ), the dynamical state was that of periodic tonic spiking (○ in Figure 2(b) ) or bursting (• in Figure 2(b) ). In other words, when the Figure 2(c) ), the dynamical state was that of periodic tonic 
Effects of Changes in
Discussion
In the field of dynamical systems, it is important to investigate the dependence of the solutions of ordinary differential equations on system parameters. The present study illustrates the dependence of the qualitative nature of the solutions of ordinary differential equations on the following system parameters: study, which was not reported in the previous study [8] , was divided into stable equilibria and unstable equilibria regions by a Hopf bifurcation curve and that an increase in I x shifted the Hopf bifurcation curve upward, resulting in an expansion of the stable equilibria region. Study [13] proposed an algorithm for the visualization of the bifurcation manifolds in the three-dimensional parameter space. In the three-dimensional parameter space, the parameter sets at which codimension one-bifurcation occurs are visualized as bifurcation surfaces. Higher codimension bifurcations are located at intersections of the bifurcation surfaces. For example, analyses of a socioeconomic model have revealed codimension-one bifurcation surfaces: a Hopf bifurcation surface and a saddle-node bifurcation surface ( Figure 5 in [13] ). In addition, the following codimension-two bifurcation curves were visualized: a Gavrilov-Guckenheimer bifurcation curve and a Takens-Bogdanov bifurcation curve. In contrast to the findings of the previous study [13] , in the present study, we did not visualize bifurcation manifolds in the three-dimensional ( ) , , , (Figure 2) , one can roughly imagine the bifurcation manifold in the three-dimensional ( ) , , , The parameter sets at which codimension-two bifurcation occurs are thought to form a bifurcation curve at the intersection of the surfaces of SNFP and SNLC.
Conclusion
In conclusion, the novelty of this paper is that it reveals in detail the influence of pd 
